Polymers processed to produce plastic articles are subjected to temperatures between 150°C and 450°C or more during overheated processing and breakdowns. Heat-based processing of this nature can lead to emission of volatile organic compounds (VOCs) into the thermoplastic processing shop. In this study, laboratory experiments, qualitative and quantitative emissions measurement in thermoplastic factories were carried out. The first step was to identify the compounds released depending on the thermoplastic nature, the temperature and the type of process. Then a thermal degradation protocol that can extrapolate the laboratory results to industry scenarios was developed. The influence of three parameters on released thermal breakdown products was studied: the sample preparation methodsmanual cutting, ambient or cold grinding -the heating rate during thermal degradation -5, 10 20 and 50°C/min -and the decomposition method -thermogravimetric analysis and pyrolysis. Laboratory results were compared to atmospheric measurements taken at 13 companies to validate the protocol and thereby ensure its representativeness of industrial thermal processing. This protocol was applied to most commonly used thermoplastics to determine their thermal breakdown products and their thermal behaviour. Emissions data collected by personal exposure monitoring and sampling at the process emission area show airborne concentrations of detected compounds to be in the range of 0-3 mg/m 3 under normal operating conditions. Laser cutting or purging operations generate higher pollution levels in particular formaldehyde which was found in some cases at a concentration above the workplace exposure limit.
INTRODUCTION
Plastics form a major part of our living environment because of their application potential and adaptability. They are the basic materials of many products in multiple areas such as agriculture, healthcare, energy generation, aerospace, automotive, maritime, construction, electronics, packaging or textile. In Europe, this activity is undertaken by 1.45 million people working at more than 60,000 companies (1) .
Main chemical exposure routes for employees in the workplace include dermal contact and via the respiratory system by inhalation of dust and volatile compounds released by polymers during thermal processing (2) . The plastic material choice and the thermal process implemented depend on the type of article, its size and the physical properties that are required for its use. During production of plastic articles, polymers are subjected to temperatures between 150 °C and 450 °C. These thermal processes can lead to emission of toxic VOCs in plastic molding shops (3) . In addition to exposure during normal production operations, workers can be exposed to toxic compounds during operations that may cause serious overheating of the material such as drilling, abrading, cutting or welding operations as well as during process malfunctions and breakdowns. Plastics overheating can lead to the release of thermal breakdown products in much higher concentrations or of different type than during normal production.
In general, polymer heating causes release of free monomers and decomposition of polymers or their additives; this has been reported in several studies (4) .Our knowledge of occupational exposure to toxic compounds during thermal processing of plastics is limited as most of the studies are focused on a thermoplastics or pollutants family (5) (6) (7) or conducted to determine plastics thermal behaviour (8) . Numerous studies have been carried out on thermoplastic decomposition in an inert atmosphere (nitrogen or helium) (9) in order to determine thermoplastic composition or assess thermoplastic ageing pathways. However, little is known of the degradation products released under real thermal processing conditions and in the presence of air, which can lead to the formation of oxygenated decomposition byproducts such as aldehydes, ketones or alcohols (10) . Besides, K. Yamashita et al. have observed that during polymer degradation, smaller amounts of VOCs were emitted under nitrogen atmosphere than under air atmosphere (11) .
The difficulty with such an assessment resides in the wide variety of plastics, additives and processes used. Worker exposure assessment requires knowledge of the type of thermal degradation products, which depend on polymer type and temperature implementation.
Moreover, there is no recognized, standardized method of thermal degradation of plastics for representatively determining the thermal degradation products, to which workers may be exposed in plastic production shops.
The purpose of this study was therefore twofold. The first objective was to develop a thermal degradation protocol representative of industrial thermal processing and applicable to many thermoplastics. To achieve this goal, several degradation conditions were studied and the defined protocol was validated by atmospheric measurements during industrial thermal processing. The second objective was to define, from the developed protocol, thermal decomposition products for the most commonly used polymers and temperatures in order to develop a diagnostic tool for improving worker exposure assessment.
METHODS AND MATERIALS
We chose to study the most widely used thermoplastics. Table I shows the polymer families studied as well as the corresponding polymer consumption in Europe and the industrial processes used during the field survey. 15 of the 25 thermoplastics were studied both in the laboratory and the factory. The polymers with no process type reported were only studied in the laboratory.
Laboratory analysis
those under which real industrial processes are performed.
Not all industrial processing conditions can be reproduced in the laboratory. In real life, thermoplastics are heated in an endless screw under high pressure before injection in a mould or extrusion threw the die of the extruder. Melt thermoplastics are maintained at high temperature under air atmosphere for several minutes. Two methods were selected thanks to their ability to subject polymers to heating conditions close to those encountered in many real situations (12) (13) (14) : thermogravimetric analysis (TGA) and pyrolysis under airflow. Both these methods allow thermal breakdown in air, controlled temperature with slow or fast heating rate and steps at constant temperature.
Thermogravimetric analyses were performed on a TA Instruments Q50 analyser under 90 ml/min airflow. A piece of thermoplastic (with a mass of several micrograms) was placed on a platinum pan in the analyser oven. The heating rate could be varied from 5 °C/min to 50 °C/min. Weight loss was monitoring during heating so that the onset degradation temperature (Ti), the temperature at maximum weight loss (Tmax) and the final weight loss could be determined (15) (16) (17) . Released compounds were sampled at ambient temperature using convenient samplers connected to the outlet of the thermogravimetric analyser oven. Multibed sorbent tubes (Carbotrap 300) were used for qualitative analysis purposes as described in the National Institute for Occupational Safety and Health (NIOSH) method 2549 (18) . Multibed tubes were then analysed off-line by thermal desorption (Perkin Elmer ATD50). Inlet split and outlet flow was respectively of 40 ml/min and 50 ml/min. The desorption flow was of 10 ml/min. The multi-bed sorbent tubes was desorb at 320 °C during 20 min. The cold trap was an air toxic trap, maintained at -30 °C during desorption and then heated at 330 °C during injection in a GC/MS analyser (Perkin Elmer). Thermal breakdown products were analysed using a semi-polar capillary column (vf624ms, 0.32mm*1.4µm*60m) with a column flow of 1 ml/min. The oven programming was 35 °C for 5 minutes, 250 °C for 15 minutes with a heating rate of 5 °C/min.
To determine influencing factors on released thermal breakdown products, three parameters were studied: the sample preparation methods -manual cutting, ambient or cold grinding -the heating rate during thermal degradation -5, 10 20 and 50°C/min -and the decomposition method -thermogravimetric analysis and pyrolysis. All these experiments were performed under airflow of 90 mL/min. To develop the protocol, the influence of the three parameters was evaluated comparing the thermal breakdown compounds obtained for each experiment. For each reference of thermoplastics, laboratory experiments were replicated between 4 and 13 times.
Industrial processing
Data obtained in the laboratory were compared to those collected in 13 thermoplastic processing shops selected to provide a wide range of polymers and processes.
Thus, 15 of the 25 polymers were studied in both the laboratory and the factory (Table I) .
Various processes were encountered at the 13 industrial sites: 16 extrusion lines for continuous production of tubing, cables and films on 4 sites; 50 injection-molding presses for production of car components, connections and packing on 8 sites, hot wire film cutting on 2 sites, laser cutting on 2 sites, and automatic and manual welding on 3 sites.
Both sampling at the processes emission area and individual monitoring were performed.
In the first case, sampling devices were placed as close as possible to the emission location (about 30 cm) to identify and quantify compounds released in air during the heating process.
Personal monitoring was carried out on operators during normal operating conditions, during purging operations and laser cutting operations. For screening identification by NIOSH method 2549 (16) , the collection device used was a thermal desorption tube filled with three adsorbent media that allowed collection of C 3 to C 30 molecules. For quantifying airborne concentrations, the sampling and analytical methods listed in Table III were used.
Polymer pellet samples were simultaneously collected at the process feed side to compare the atmospheric measurements with the results obtained by thermal decomposition in the laboratory for the relevant polymer.
RESULTS AND DISCUSSION
The onset degradation temperature (Ti), the temperature at maximum weight loss (Tmax) and the final weight loss were determined as illustrated in Figure 1 .
Laboratory analysis -Parameter optimisation
This survey studied the influence of three parameters on thermal decomposition product characteristics.
thermoplastics (polyethylene (PE), polyacrylonitrile-butadiene-styrene (ABS) and poly(styrene/acrylonitrile) (SAN)) subjected to an airflow of 90 ml/min and a heating rate of 20°C/min up to 450 °C in order to compare different sample preparation methods.
The main products proved to be the same whatever the preparation method (manual cutting, ambient or cold grinding), specifically C 1 -C 5 aldehydes for PE, styrene, benzaldehyde, acrylonitrile and alpha-methylstyrene for ABS and styrene, benzaldehyde, alpha-methylstyrene and acrylonitrile for SAN.
Among the preparation methods tested, cold grinding gave more homogenous samples than ambient grinding and the former preparation method is safer for the analyst. 
Laboratory analysis -Thermal degradation products
The products of thermal decomposition in air and weight loss were determined using the selected protocol for each of the 25 thermoplastics studied. The results obtained from pyrolysis in air of all the polymers were classified by chemical compound family as illustrated in Figure III . These results highlight the fact that the main decomposition products are free monomers, monomers from polymer cracking, oxygenated compounds from polymer groups and products of oxidative reactions (19) . Observed degradation compounds can vary from a polymer reference to another from the same family, depending on the additive type and content. In parallel, the weight loss of the 25 polymers was monitored by TGA under the chosen conditions (20 °C/min, 450 °C, in air, see Table IV ). In the case of the 8 references of PP, the results reveal that thermal behaviour of the same thermoplastic can vary depending on the additives and the type and rate of mineral loading (Table IV) 
Industry measurements -Protocol validation
527 atmospheric and 71 polymer samples were taken on 13 industrial sites. Some plastics (e.g. polycarbonate (PC) and thermoplastic polyurethane (TPU)) did not decompose at the temperature applied in the laboratory. These results are consistent with thermogravimetric analyses (Table IV) showing that no degradation occurs below 390 °C and 250 °C for PC and TPU respectively. Thus, the air pollutants detected on the samplers must have originated from adjacent processes or other unrelated activities. This could also have been the case when compounds were detected on the industrial premises but not in the laboratory. Table VI shows concentration levels of hazardous substances emitted at various industrial processes. Most of the time, concentration levels of toxic compounds released from the processes under study were low. Most operators control temperature carefully to prevent thermoplastic degradation and this practice has a positive impact on emission levels. The formaldehyde and benzene emissions are detailed in Table VII, Due to the high temperatures involved, this process has the greatest potential to generate harmful substances. Therefore, to prevent workers exposure to thermal breakdown products released by laser cutting, it would be necessary to equip the station of a localized collection system to capture the different pollutants generated at the emission source.
As shown in Table VII , formaldehyde and benzene emissions were detected in the laboratory study for the same thermoplastic/temperature combination except for very low level and in the cases of PET and POM transformation. Further analyses had shown that the emission source of benzene in these cases was the vacuum pump of the injection-molding press and not directly the thermal processing of the thermoplastics.
CONCLUSION
The laboratory study of the influence of thermal breakdown parameters allowed us to establish a decomposition and analytical protocol.
Comparison of emissions measured during real industrial processing and when applying the laboratory protocol to the same thermoplastic samples provided similar results.
Thermal breakdown product characteristics and temperature behaviour were determined for the 25 thermoplastics studied.
These combined data effectively contribute to prevention on two sides:
-Thermal degradation control by knowing the degradation onset temperature -Workplace exposure assessment at thermoplastic production facilities: the protocol is a tool available to prevention personnel for assessing the toxic compounds 
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Main com m on product Minor common product Products in green text were found in both the field and laboratory studies 
